The ability to delineate atherosclerotic plaque from the surrounding tissue using customdeveloped subharmonic imaging (SHI) digital filtering techniques was investigated in vivo using a commercially available system. Atherosclerosis was induced in the aorta of two Watanabe Heritable Hyperlipidemic rabbits following which injections of an ultrasound contrast agent (UCA) Definity (Lantheus Medical Imaging, N Billerica, Massachusetts) were administered. Imaging was performed using a Galaxy intravascular ultrasound (IVUS) scanner (Boston Scientific, Natick, Massachusetts) equipped with an Atlantis® SR Pro Imaging Catheter (Boston Scientific). Four preliminary band-pass filters were designed to isolate the subharmonic signal (from surrounding tissue) and applied to the radio-frequency (RF) data. Preliminary filter performances were compared in terms of vessel-tissue contrast-to-tissue ratio (CTR) and visual examination. Based on preliminary results, a subharmonic adaptive filter and a stopband (SB) filter were designed and applied to the RF data. Images were classified as fundamental, SHI, and SB. Four readers performed qualitative analysis of 168 randomly selected images (across all three imaging modes). The images were scored for overall image quality, image noise, plaque visualization, and vessel lumen visualization. A Wilcoxon signed-rank test was used to compare the scores followed by intraclass correlation (ICC) evaluation. Quantitative analysis was performed by calculating the CTRs for the vessel-to-plaque and vessel-to-tissue (compared using a paired student's t test). Qualitative analysis showed SHI and SB to have significantly less image noise relative to the fundamental mode (p < 0.001). Fundamental mode scored significantly higher than SHI and SB Sridharan et al.
Introduction
Atherosclerosis is the result of a complex interaction between blood elements, disturbed flow, and vessel-wall abnormalities involving several pathological processes. 1 Atherosclerotic plaque composition can be broken down into a soft lipid-rich atheromatous component and a hard collagen-rich sclerotic tissue. The sclerotic component (primarily fibrous tissue) is relatively harmless, because the fibrous tissue appears to stabilize and protect it against disruption. However, the soft atheromatous component is unstable and prone to rupture. 1 Plaques containing a soft atheromatous core are unstable and capable of rupturing, causing the fibrous cap (sclerotic, which separates the core from the lumen) to separate and disintegrate, exposing the thrombogenic atheromatous component to the blood flow, eventually leading to thrombosis or acute coronary syndrome. 1 More than 1 million Americans experience an acute coronary syndrome annually, and this number is on the rise. 2, 3 X-ray angiography has been accepted as a poor predictor of plaque rupture. This is because the plaque vulnerability is related to its composition and not to its size. 4 Intravascular ultrasound (IVUS) has been widely accepted as the preferred imaging modality for studying atherosclerosis due to its ability to provide real-time cross-sectional visualization of blood vessels at high resolution (100-150 µm). [4] [5] [6] [7] [8] [9] [10] [11] [12] Characterizing vascular tissue and plaque composition can aid clinical decision making about the type of interventional procedure and subsequent pharmaceutical administration. 13 Several groups are actively developing IVUS techniques for characterizing the mechanical and acoustic properties of vascular tissue in vivo. 4, 14 Spencer et al. 13 were able to use IVUS to perform spectral analysis of backscattered radio-frequency (RF) data for characterization of tissue subtypes within atherosclerotic plaque in vitro. Spectral parameters such as maximum power (dB), frequency at maximum power (MHz), y-axis intercept of spectral slope (dB), and so on were calculated for known areas of tissue composition, and significant discrimination between the different compositions for spectral slope and y-axis intercept of spectral slope was found. 13 Nair et al. 14 were able to use similar spectral parameters to produce an automated tissue map for plaque characterization. Watson et al. 15 used Spencer's 13 work and were able to produce up to 83% correct classification of plaque tissue regions. To characterize atherosclerotic plaque, delineation from surrounding tissue is required. Nonlinear ultrasound imaging using ultrasound contrast agents (UCAs) at high transmit frequencies (i.e. >20 MHz) is capable of providing the necessary resolution (<200) µm to visualize this delineation.
Under sufficient acoustic excitation, UCAs are able to act as nonlinear scatters, producing a wide range of frequency components (harmonics, subharmonics and ultraharmonics) in the received spectra. 16, 17 Harmonic imaging (HI) is an established contrast specific imaging mode that improves the visualization of blood flow by transmitting at a fundamental frequency (f 0 ) and receiving at the second harmonic (2f 0 ). [18] [19] [20] Although HI manages to reduce the background signal from surrounding structures, some second harmonic signals from the tissue reduce the contrast-to-tissue contrast ratio. 21, 22 Subharmonic imaging (SHI) is an alternate contrast specific imaging mode. In SHI, only echoes at the subharmonic frequency (f 0 /2) are received. 23 This is an attractive alternative owing to the lack of subharmonic generation in tissue and therefore better contrast-to-tissue ratio (CTR). 21 Several groups, including ours, have conducted in vitro and in vivo studies that demonstrate the feasibility of SHI. 21, [23] [24] [25] [26] [27] [28] In this study we investigated the ability to isolate the nonlinear acoustic response (subharmonic component) of a commercial UCA, Definity (Lantheus Medical Imaging, N Billerica, Massachusetts), using custom-developed SHI and stopband (SB) filters after imaging on a standard commercially available IVUS scanner (Galaxy, Boston Scientific/Scimed, Natick, Massachusetts). Our overall goal was to determine whether the SHI filtering techniques provided superior delineation of plaque relative to fundamental imaging.
Method

Animal Preparation
Atherosclerosis was induced in two Watanabe Heritable Hyperlipidemic (WHHL) rabbits (2.5 months old, weight 1.5 kg) using a combination of high cholesterol diet (2% Cholesterol Research Diets, New Brunswick, New Jersey) and balloon de-endothelization. The rabbits were maintained on the high cholesterol diet for a two-week period after which their arterial wall was injured (from the femoral artery to the iliac bifurcation) with a 4 F Fogarty catheter. The rabbits continued to be maintained on the diet for about six weeks post injury (allowing for sufficient buildup of atherosclerotic plaque). Prior to ultrasound imaging, the rabbits were sedated with ketamine and xylazine, and a sheath was introduced in the carotid artery to facilitate echo imaging. All animal experiments were performed at Dartmouth Medical School in accordance with the guidelines of the college's Institutional Animal Care and Use Committee.
Imaging Setup
All ultrasound imaging was performed using a commercially available IVUS system, Galaxy™ (Boston Scientific/Scimed), which was equipped with a rotating element Atlantis® SR Pro Imaging Catheter (Boston Scientific). The scanner allowed control of transmit cycles (2 or 4) and acoustic pressure (as a function of excitation voltage). The acoustic pressure output from the transducer was measured as a function of excitation voltage ( Figure 1 ). The manufacturer details about the transducer frequency characteristics showed a center frequency of 41.02 MHz and a −6-dB bandwidth of 20 MHz. In this study, all imaging was performed using two transmit cycles and a 76-V excitation voltage (approximately 5.6 MPa peak negative pressure), the default scanner settings. The scanner had an external interface that provided direct access to the RF data. A modified PCI bus data acquisition card (Compuscope 14200-1 GB 14-bit 400 MS/s, Gage Applied, Lockport IL) was used to stream sequences (approximately 40 seconds) of RF echo frames from the IVUS scanner at a rate of 30 frames per second (fps) to a PC for offline analysis. All RF echo frames were digitized to 12 bits at a sampling frequency of 400 MHz, with each digitized echo frame containing 256 RF A-lines consisting of 2048 sampling points per line.
Data Acquisition
The IVUS catheter was introduced via the femoral artery into the aorta pointing in the proximal direction. Activated Definity (Lantheus Medical Imaging) was diluted by a factor of 1000 (i.e., 8 × 10 6 microspheres per mL) with 0.9% saline, and then injected in 2 to 3 mL volumes over a 30-second period. A total of seven injections were administered between the two rabbits. An interval of 20 minutes was allowed between injections to allow for complete wash-out of UCA and to limit cardiopulmonary stress on the animal. The data acquisition was started prior to injection of UCA and continued through contrast wash-out. A total of 2151 echo frames were collected from the seven injections at different cross-sections along the aorta. Acquired RF data were transferred from the scanner to a desktop PC for offline processing.
Image Processing
Log-compressed fundamental grayscale images were generated from the full bandwidth of the RF data with a 50-dB dynamic range. The dynamic range of 50 dB was selected from a range of 40 to 90 dB by a subjective observer for optimum viewing of the fundamental grayscale images and maintained constant for the other imaging modes. All image processing was performed using custom programs developed in MATLAB (R2010a, The Mathworks, Inc., Natick, Massachusetts).
Filter Design and Implementation
To optimize SHI, various digital filters were designed and tested for their ability to suppress tissue signals and simultaneously preserve the subharmonic signals from the UCA. These filters were evaluated based on the CTR performance metric defined as, 29 CTR
where µ t and µ v represent the mean backscatter signal strength in the tissue and within the vessel lumen region, respectively; σ t 2 and σ 2 v represent the variance in the respective regions calculated based on region-of-interest (ROI) selections. Preliminary filters tested were as follows: Preliminary filters were evaluated on vessel-to-tissue CTRs along with visual examination for image noise, plaque visualization, and vessel lumen visualization. The performance of the preliminary filters were used to optimize/select the design parameters for the final filter design. Based on the preliminary filter results, a subharmonic adaptive filter algorithm was developed to identify the subharmonic component in the RF signal of a chosen ROI and develop a bandpass filter centered around this selection. This was performed on a frame-by-frame basis (due to variability noticed in the RF spectrum between frames). First, individual RF A-lines were extracted from each echo frame. The subharmonic adaptive filter algorithm located all signal peaks on each RF A-line in the vicinity of the subharmonic frequency (20 MHz) component. The subharmonic peak was selected from the set of peaks through a series of iterations following which a fourth-order Butterworth band-pass filter was created centered around this selection with a −3dB bandwidth of 10 MHz. This band-pass filter was then applied to the data corresponding to the analyzed RF A-line. The above steps were repeated for all 256 A-lines per frame across all echo frames. Once all frames were filtered, log-compressed IVUS images were generated and were categorized as subharmonic images (SHI).
Another filter developed for this study was the SB filter. The purpose of this filter was to suppress the tissue signals (around 40 MHz). The filter magnitude response showed a suppression of −22 dB at the 40-MHz signal and a suppression of −3 dB around 20 MHz. Images generated using this filter were categorized under SB mode. All filters designed for this study were developed using MATLAB.
Data Analysis Qualitative Analysis
The three imaging modes (fundamental, SHI and SB) were assessed qualitatively based on overall image quality, image noise, plaque visualization, and vessel lumen visualization. Four readers were asked to score images (using a visual analog scale of 1 to 7, worst to best, respectively) from eight randomly selected time points during UCA wash-in and wash-out phase. This was repeated for all three imaging modes. A total of 168 (8 time points per injection × 7 injections × 3 imaging modes) images were shown to each reader in random order for scoring. A Wilcoxon signed-rank test was used to compare the results between the three different imaging modes across each of the scoring criteria. Results were also compared on an injection-by-injection basis. The intraclass correlation (ICC) between readers was evaluated using the ICC Type A analysis for absolute agreement. 30 
Quantitative Analysis
To quantify the ability of each of the imaging modes to provide delineation between vessel and plaque, the CTR metric was used. Four tissue ROIs, one ROI within the vessel, and plaque ROI(s) were selected by a radiologist for each injection. Sixteen equidistant time points (to approximate data independence) were selected during the wash-in and wash-out of UCA for each injection. Each injection set contained 64 (4 × 16) tissue ROI's, 16 (16 × 1) vessel ROI's, and 16 or 32 (depending on the number plaque regions selected) plaque ROIs. The four tissue ROIs were selected along the same horizontal and vertical axes as the vessel ROI (as shown in Figure 2 ). The vessel-tissue and vessel-plaque CTR were averaged per frame for the 16 time points. A paired student's t test was used to compare the averaged CTR results across the three different imaging modes.
Results
The time-intensity curves for ROIs selected in the vessel and surrounding tissue regions for a single injection is shown in Figure 3 . The UCA wash-in and wash-out phase are clearly visible in the vessel (solid line) while the tissue (dashed line) remains relatively constant (as expected). RF spectral analysis ( Figure 4 ) showed a dominant peak around 40 MHz (transmit frequency) for both tissue and vessel regions. However, the vessel region (containing UCA) also exhibited a significant peak around 20 MHz indicating generation of subharmonic signal from the microbubbles. Figure 5 shows the comparison of mean tissue signal, mean vessel signal, and mean vessel-tissue CTR for all four preliminary filters. Overall, the eighth-order filters (mean suppression: 0.09 ± 0.19 arbitrary units [au]) show better tissue suppression compared with the fourthorder filters (mean suppression: 0.58 ± 0.41 [au]). However, these eighth-order filters also showed the most UCA signal suppression. Therefore, the vessel-tissue CTR was used to select the best filter (BP2). Based on preliminary filter results, the fourth-order subharmonic adaptive filter and SB filter were designed and applied to the RF data. Figure 6 shows the log-compressed IVUS images generated in the three imaging modes. The time point selected for generating this figure corresponds to the peak UCA intensity during the wash-in period. A radiologist identified two regions of plaque (outlined in white) for this injection set. In the fundamental mode (Figure 6a ), tissue surrounding the vessel lumen and the UCA within the vessel are clearly visible. SHI (Figure 6b ) produced near complete suppression (16.63 ± 9.92 dB) of tissue signals relative to the fundamental mode. The UCA is clearly visible within the vessel despite a small drop in its signal intensity (2.50 ± 1.78 dB) relative to the fundamental mode. SB (Figure 6c ) also produced near complete tissue suppression (37.30 ± 29.29 dB) relative to the fundamental mode. However, there was higher suppression of signal intensity (3.37 ± 2.63 dB) relative to the fundamental mode. Both SHI and SB show excellent suppression of tissue signal surrounding the vessel, and delineation of plaque from surrounding tissue seems to be better in SHI and SB as compared with the fundamental mode. However, SHI seems to perform slightly better owing to the fact that the SB mode does not show complete vessel lumen definition.
Filtered images (n = 168) were shown in a random order to four readers for evaluation. Figure 7 shows the overall mean score (scores range from 1 to 7) comparison for the three imaging modes for each scoring criteria. Results of the comparison are summarized in Table 1 . In three out of the four criteria (i.e., except image noise), fundamental mode scored significantly higher (p < 0.05) than both SHI and SB. In terms of image noise, SHI and SB scored significantly higher (p < 0.001) than the fundamental mode. No significant difference was found between SHI and SB for image noise and overall image quality (p = 0.06). To evaluate the distribution of scores by reader for each imaging mode, their scores were individually compared for each scoring criteria. Figure 8 shows the reader-by-reader comparison for each of the scoring criteria across the three imaging modes. For image noise, three out of four readers scored SHI and SB significantly higher (p < 0.0001) than the fundamental mode. Interestingly, only two readers for overall image quality and one reader each for plaque visualization and vessel lumen visualization scored the fundamental mode significantly (p < 0.0001) higher than SHI and SB. While results from overall mean score comparison showed that the fundamental mode performed significantly better than SHI and SB for overall image quality, plaque visualization, and vessel lumen visualization, by breaking down the comparison to a per-reader basis, it is evident that only one or two readers skewed the overall mean in favor of the fundamental mode.
ICC Analysis
A diagrammatic representation of the ICC between readers is shown in Figure 9 . The ICCs between readers is summarized as a range of values (by mode) in Table 2 . Results showed 
Quantitative Analysis
The vessel-tissue CTR and vessel-plaque CTR were evaluated for each injection set for all three modes. Figure 10 shows the CTR comparison between the three modes. In terms of vessel-tissue CTR, the fundamental mode (9.05 ± 10.93, p < 0.0001) was significantly higher than SHI (3.49 ± 3.63) and SB (2.54 ± 2.75). SHI also had a significantly (p < 0.0001) higher vessel-tissue CTR compared with SB. Importantly, for vessel-plaque CTR, SHI (2.01 ± 2.21) was significantly higher than fundamental (1.76 ± 2.28, p = 0.0025) and SB (1.82 ± 2.01, p = 0.0005). There were no significant differences in vessel-plaque CTR between fundamental and SB. These CTR results are summarized in Table 3 . 
Discussion and Conclusion
The feasibility of using SHI filtering techniques to delineate plaque in vivo has been investigated. An optimized subharmonic adaptive filter was designed based on preliminary filter results and subsequently applied to the acquired RF data (use of a SB filter was also investigated). Based on overall mean scores, SHI (4.20 ± 1.33) and SB (4.31 ± 1.42) had significantly less image noise as compared with the fundamental mode (3.28 ± 1.16, p < 0.001), while in the remaining categories, the fundamental mode performed significantly better than SHI and SB. However, further reader-by-reader analysis in the remaining categories (i.e., overall image quality, plaque visualization, and vessel lumen visualization) showed that the readers were not unanimously in favor of the fundamental mode. In fact, for overall image quality, only two readers and only one reader each for plaque visualization and vessel lumen visualization scored the fundamental significantly higher than the other modes ( Figure 8 ). Given the variability in the scores (and the ICC values), it is difficult to make a conclusive statement based on qualitative evidence as to which mode offers the best plaque visualization. Quantitatively, however, vesselplaque CTR for SHI (2.01 ± 2.21) was significantly higher than both fundamental (1.76 ± 2.28, p = 0.0025) and SB (1.82 ± 2.01, p = 0.0005), and therefore producing the best plaque delineation. Other groups have also investigated the feasibility of using contrast-enhanced IVUS for imaging the vasa vasorum to detect and characterize atherosclerotic plaques. 4,31-33 Carlier et al. 4 proposed a technique for imaging plaque inflammation and activity by measuring density and perfusion (PER) of plaque vasa vasorum. An earlier study by our group employing the same system and investigating the feasibility of using subharmonic IVUS parametric maps to visualize plaque showed the cumulative maximum intensity (CMI), PER, and time-integrated intensity (TII) vessel-plaque CTR for SHI to be significantly higher relative to the fundamental (p < 0.04). 34 Goertz el al. [31] [32] [33] have extensively studied nonlinear IVUS imaging for visualizing the vasa vasorum using both HI and SHI, and showed up to a 30-dB increase in CTR for SHI relative to the fundamental mode. Although the results of our study do not show CTR increments over the fundamental comparable with Goertz et al., this could be attributed to very different data acquisition setups. Goertz et al. used a prototype nonlinear IVUS system with a custom transducer to have sensitivity at both the subharmonic and harmonic. Our study used an off-theshelf, commercially available IVUS system (Galaxy) and imaging catheter (Atlantis® SR Pro Imaging Catheter). The transducer frequency response was centered on 40 MHz and showed over a −6-dB drop around 20 MHz (inherently reducing the sensitivity to the subharmonic signal by 50% relative to the fundamental). Furthermore, we did not employ any pulse inversion or motion compensation techniques (which could possibly induce image artifacts, but might also increase signal-to-noise-ratios [SNRs]. Despite these limitations, the ability to visualize aque using a custom-developed subharmonic adaptive filter algorithm for IVUS was shown to be feasible (and perform quantitatively better than the fundamental mode) in vivo using a commercially available system (albeit based on a small sample size). Future studies will look at the feasibility of visualizing the neovascular vasa vasorum using nonlinear ultrasound imaging techniques on a commercially available scanner.
